We examined the genetic system responsible for transcriptional regulation of repressible acid phosphatase (APase; orthophosphoric-monoester phosphohydrolase [acid optimum, EC 3. (7, 21, 29) ; and two enzymes, alkaline phosphatase (AlkPase) and polyphosphatase, located in the yeast vacuole, which hydrolyze polyphosphate (7, 9). These enzymes regulate intracellular concentrations of Pi and maintain cellular homeostasis (7, 8) by a cyclic pathway of polyphosphate synthesis and degradation (7). They are themselves regulated by external growth concentrations of Pi (6, 7, 9, 10) .
PHO80 and PHO85 result in their constitutive expression. PHO2 mutants lack only the repressible APase (26, 28) . PHO6 and PHO7 affect expression of PHO3, the "constitutive" APase (23) , and PHO9 encodes a protease involved in AlkPase maturation (9) .
On the basis of genetic analysis of various double mutants and the discovery of a cis-dominant constitutive mutant (PHO82) contiguous to PH04 (26) , Toh-e et al. originally proposed a role for the phosphatase regulatory genes involving transcriptional regulation via the sequential functioning of their products (28) , reminiscent of control of phage (22 [renamed] ). b The designation constitutive for PH03 is qualified because its expression is significantly lowered when PHOS is derepressed (17) . p56) encoded by three repressible APase mRNAs are the products of the PHO5, PHOJO, and PHOIJ genes, respectively (5, 6) . Derepression results from a cellular increase in all three mRNAs and subsequent de novo enzyme synthesis. The transcript for the constitutive APase (p57 mRNA) is encoded by the PHO3 locus, adjacent to PHOS.
In this work we investigated the role of regulatory genes affecting expression of this multienzyme family. Our results confirmed that the action of these genes occurs before production of APase mRNA and that all of their functions are indispensible for normal regulation of mRNA synthesis. Further biochemical data show that the interplay among these genes is at their posttranslational level. We showed specifically that PHO4 is not regulated transcriptionally by PHO80 but rather is expressed constitutively, supporting the notion that the PH04 protein functions simultaneously with the other regulatory factors to control APase transcription.
Feedback and autoregulatory control mechanisms responsible for fine-tuning this regulation of APase mRNA (6), however, are dependent on de novo protein synthesis.
MATERIALS AND METHODS
Yeast strains and media. The haploid yeast strains used in this work (Table 2) were generously provided by Akio Toh-e and Yasuji Oshima. H42 (ATCC 26922) has the wild-type genotype for the production of repressible APase and AlkPase as well as constitutive APase. All other strains were derived by mutagenesis of H42 or its derivatives and are meiotic segregants containing the mutant allele pho3-i to eliminate the constitutive APase. Supplemented minimal dextrose (SMD) medium containing 1.5 of either KH2PO4 (high Pi) or KCl (low Pi) per liter was prepared as described previously (5, 6) .
Cell growth and nucleic acid extraction. Yeast cultures were started with fresh overnight inocula (approx. 3 x 108 cells per ml in SMD high-Pi medium) by dilution to an initial cell density of 106 per ml in either low-or high-Pi SMD medium. Low-Pi SMD cultures were supplemented with fresh high-Pi SMD medium so that the total amount of high-Pi SMD medium was 1/200 of the total culture volume.
Cells were grown at 30°C to a density of 2.5 x 107 per ml, arrested by addition of cycloheximide (0.1 mg/ml), and immediately frozen on dry ice. Cultures for derepression or repression time course experiments were pregrown at 300C to a density of 2 x 107 cells per ml and harvested by filtration. Previous experiments confirmed that filtration of cells does not cause a physiological perturbation (6) . Cells were then rapidly suspended at the same cell density in appropriate fresh medium preequilibrated at 300C. Samples were taken at various times and either frozen for later enzyme assay or rapidly filtered and frozen for preparation of RNA.
Cycloheximide was added to a final concentration of 0.1 mg/ml to inhibit further protein synthesis 5 min before repression, derepression, or temperature shift. The rate of protein synthesis and its inhibition by cycloheximide were determined by measurement of [35S]methionine (800 Ci/mmol; Amersham Corp.) incorporation into trichloroacetic-acid-precipitable protein in cultures labeled at an initial concentration of 10 ,uCi/ml. Temperature shift experiments with conditional regulatory mutants were handled as described above except that cultures were grown at 25°C for Analysis of in vitro translation products of total yeast RNA. Translations were performed in a wheat germ system by using [35S]methionine (>800 Ci/mmol; Amersham) under conditions wherein radioisotope incorporation was linear with RNA concentration (6) . Specific cell-free translation products were analyzed by immunoprecipitation, electrophoresis, and fluorography by published methods (6) . Antienolase immunoglobulin G was added to reactions as an internal control. Densitometry was done with a Joyce-Loebl scanning densitometer (6) .
RNA gel electrophoresis, nitrocellulose transfer, and hybridization. Total yeast nucleic acids were electrophoresed in 1.5% agarose-formaldehyde gels, transferred to nitrocellulose, and hybridized as described previously (6) . Hybridization was done with a nick-translated (16) pBR322 recombinant plasmid with an 8-kilobase PHOSIPH03 DNA insert (17) . Autoradiograms were quantitated by densitometry. The linearity of the hybridization signal and the translational activity with respect to APase mRNA concentration under the standard conditions used here were previously shown to be proportional throughout the concentration range examined (6 that at least 85 to 90% of the hybridization signal from this probe is due to reaction with PH05 transcripts, enabling pAP20 to be useful in this assay (6) . RESULTS PH02, PH04, and PH081 are essential for transcription; pho8O and pho85 result in constitutive expression. We previously developed two assays to measure variations in levels of repressible APase mRNAs in response to changes in extracellular concentration of Pi (5) . Cells were grown under repressed (high-Pi SMD medium) or derepressed (low-Pi SMD medium) conditions, and RNA was isolated and either translated in an in vitro wheat germ system or analyzed by RNA blot hybridization. The translation assay discriminated among three distinct APase mRNAs, based on the products they encode (p60, p58, p56) (Fig. 1A) , whereas the hybridization assay semiquantitatively measured the concentration of PH05 transcript (Fig. 1B) .
These assays were used to determine whether any of the genes known to affect APase activity act at the level of transcription and whether they control all three repressible APase genes coordinately. Strains carrying a mutation in the constitutive APase structural gene (pho3-1 allele) and one of the regulatory loci were analyzed for enzyme and mRNA activity. The results are summarized in Table 3 . Only PH05 mRNA activity was affected by mutations in strains P142-2A (pho5-1) (Fig. 1), YAT40 (pho5-2) , and YAT130 (PH083).
The pho5-1 strain failed to produce mRNA detectable by the in vitro translation analysis and yielded considerably reduced levels of hybridizable RNA, probably representing the amount of crosshybridization of the probe with PHOIO and PHOI transcripts. The phoS-2 strain produced a p60 product upon in vitro translation; the low levels of enzyme activity suggest that this allele encodes an inactive or labile enzyme. The PH083 strain expressed PH05 constitutively but at lower levels than the wild-type, low-P1-grown cells. This phenotype is owing to the insertion of a transposable element into the PH05 promoter (25) .
Repressible APase mRNAs (p60, p58, p56) were undetectable under repressed or derepressed conditions in cells of strain P143-4D, P144-2D, or P145-2B, which carry mutations at PH02, PH04, and PH081, respectively. Levels of enzyme activity were equivalent to the basal level of activity of P28-24C (pho3-1, wild type for repressible APase) grown in high-Pi medium. Levels of pho3-1 RNA in the pho4 and pho8l strains were elevated two-to threefold over the corresponding level in P28-24C.
In contrast, repressible APase mRNA was present constitutively in strains P146-8B and P189-lA (pho8O and pho85, respectively) and P188-lA (pho84) (data not shown). Repressible APase mRNA levels for derepressed cells were similar to the PH05 PHO01 PHOI control, P28-24C. In high-Pi medium, levels of repressible APase mRNAs were 5 to 15% of the level observed in low-Pi medium.
All three repressible APase mRNAs were regulated in concert, and their ratios were relatively constant within these congenic strains. Hybridizable RNA levels paralleled translatable mRNA levels, and enzyme activity reflected two portions (untreated) was suspended in low-Pi SMD medium (D), whereas the other was returned to high-Pi SMD medium (O). All three cultures were then further incubated for 1.5 h. At intervals, samples were removed and assayed for (A) growth, (B) enzyme activity (EU, unit of enzyme activity), and (C) hybridizable APase RNA, as described in the legend to Fig. 1 (Fig. 2) , presumably in relation to the heat shock response of yeast cells (14) . The temperature shift had even lesser effects on enzyme levels.
Similar experiments and analyses were therefore performed with pho3 strains carrying a heat-sensitive conditional mutation in PHO2 (P1235-2A) or PHO4 (R6-3A) (Fig.   3 ). Levels of repressible APase mRNA in low-or high-Pi medium followed the wild-type pattern for both strains when grown at 25°C. When low-Pi cultures of strain R6-3A were shifted to the nonpermissive temperature, mRNA and enzyme activity decreased dramatically in comparison with the culture at 25°C (Fig. 3, left panel) . Similar data were obtained with the pho2(Ts) strain (data not shown), indicating that normal, coordinate derepression of APase mRNAs is dependent on PHO4 and PHO2 gene expression.
In a separate experiment (data not shown), the pho4(Ts) strain was analyzed by pregrowing cells under derepressed conditions but at the nonpermissive temperature and then shifting to 25°C. Neither enzyme or mRNA was detected at 37°C, but derepression of both occurred coincident with the temperature shift.
Temperature shift experiments were also performed on a pho3 strain that carries a heat-sensitive conditional mutation in PHO80 (034-M69). Cells were grown in low-or high-Pi medium at 25°C and were rapidly shifted to 37°. Enzyme and mRNA levels in the two low-Pi cultures followed the wildtype pattern. In the high-Pi culture at 25°C, no mRNA was observed. Shifting the culture to the nonpermissive temperature, however, led to derepression of mRNA and enzyme (Fig. 3, right panel) , indicating that PHO80 function is necessary for repression of PHOS, PHOIO, and PHOIJ transcription under high-Pi conditions.
De novo protein synthesis is not prerequisite for derepression or repression of APase. To determine whether de novo protein synthesis is required for derepression of PHO5, PHOIO, and PHOIJ transcripts, we performed cycloheximide inhibition experiments. The addition of cycloheximide at 100 ,ug/ml to growing cultures completely and immediately (within 2 min) halted [35S]methionine incorporation into trichloroacetic-acid-precipitable protein but had little immediate effect on mRNA synthesis (data not shown). Cells of strain P28-24C were pregrown in high-P1 SMD medium under repressed conditions, cycloheximide was added, and incubation continued for 10 min. Cells were harvested and suspended in low-Pi SMD medium supplemented with cycloheximide. As anticipated, enzyme derepression did not occur in the presence of cycloheximide (Fig. 4) . In contrast, APase mRNAs accumulated in its absence or presence. The control culture showed a typical biphasic appearance of mRNA, oscillating over hour 1 protein synthesis is not required for activating APase transcription but is necessary for the feedback and autoregulatory repression responsible for early mRNA oscillations.
A similar experiment was performed to assess the constitutivity of the factors involved in repression of APase. Cells of strain P28-24C were pregrown under derepressed conditions (low-Ps SMD medium), cycloheximide was added, and this was followed 5 min later by the addition of Pi. A similar pattern of repression occurred in the presence or absence of cycloheximide (Fig. 5) .
The repression observed for cycloheximide-treated cells may reflect either the normal repression of APase upon Pi addition or turnover of unstable factors required to maintain APase transcription. Their stability was therefore examined in cells exposed to cycloheximide for several hours. Cells of strain P28-24C were grown to a midpoint in APase derepression and treated with cycloheximide. Their ability to continue transcription of APase mRNA was then determined. RNA levels were compared with those from portions of the culture left to undergo normal derepression or repressed by the addition of Pi (Fig. 6 ). TIME Imini TIME Imini  FIG. 6 . Analysis of APase derepression during continuous exposure to cycloheximide. Cells of strain P28-24C grown at 30°C in high-Pa SMD medium to an OD66 of 0.6 (t, 0 min) were harvested by membrane filtration, washed, suspended in low-P1 SMD medium, and divided into two portions: with (A\) or without (0) cycloheximide. After 3 h of incubation, the low-Pa SMD culture without cycloheximide, partially derepressed for APase, was further divided: one portion was unchanged (0), one portion was inhibited by addition of cycloheximiide (U), and one portion was repressed by the addition of Pj (0). All four cultures were then further incubated for 4 h and analyzed as described in the legend to Fig. 3 . The relative intensities of protein bands in the gel autoradiogram (panel C, p60; panel D, p58; panel E, p56) were determined by scanning densitometry and expressed in relative units as a ratio to the maximal level of APase mRNA activity (total) for RNA isolated from a fully derepressed culture of strain P28-24C grown in low-P1 SMD medium. Data are normalized to the corresponding yield of enolase mRNA, which remains a constant proportion of the total RNA during changes in cellular phosphate concentration (6) .
presumably reflecting an immediate cessation of transcription and rapid mRNA turnover (6) . A much slower reduction was observed for enzyme levels, consistent with its known stability. In contrast, the culture with cycloheximide showed a continuous increase in all three repressible APase mRNAs throughout the experiment, accompanied by a slow reduction in enzyme level. Transient feedback and autoregulatory inhibition of mRNA accumulation did not occur, resulting in mRNA derepression kinetics exceeding those of the normally derepressed control culture. Because APase mRNA was only slightly more stable in repressed cell cultures incubated with cycloheximide than without (Fig. 5) , the ability to proceed from a midpoint in derepression in the presence of cycloheximide indicated that any positive regulatory factors required for transcription of PHOS, PHOIO, and PHOIJ were stable for at least the duration of this experiment. We conclude, therefore, that de novo protein synthesis is unnecessary for repression of APase transcription.
PHO80 does not regulate transcription of PHO4. To test whether PHO80 and PHO85 regulate transcription of PHO4, as proposed elsewhere (28) pregrown in high-Pi SMD medium at the permissive temperature (no enzyme synthesis). Portions of this culture were rapidly shifted to 37°C in the presence or absence of cycloheximide. As in the experiment of Fig. 3 , the shift to 37°C in the absence of cycloheximide resulted in derepression of APase mRNA and enzyme activity. In the presence of cycloheximide, enzyme derepression did not occur upon temperature shift (Fig. 7) , consistent with the known inhibition of protein synthesis; APase mRNA, however, underwent derepression to levels similar to those of the culture lacking cycloheximide. Because the accumulation of enzyme is dependent on PHO4, even in the absence of PHO80 (22, 28) , sufficient levels of the PHO4 gene product must We began our investigation of the mechanism of action of the phosphatase regulatory genes by determining their effects on APase transcript levels. We showed that wild-type alleles of PHO2, PHO4, and PHO81 are indispensible for mRNA accumulation, whereas PHO80 and PHO85 are necessary for mRNA repression.
Various models for the roles of these genes in regulation of APase transcription may be considered. Genetic evidence indicates that all of the identified regulatory genes encode diffusible protein products (22, 24, 28) . Central to the formulation of such models, therefore, is the constitutivity of these regulatory proteins. For example, do these genes function through a cascade of transcriptional regulatory events, or does regulation occur by the direct action of the translated products of these regulatory genes in some type of functional network?
The two models for APase regulation proposed by Toh-e et al. (22, 28) represent these two alternatives. The position of the pho82 locus within the PHO4 gene and the phenotypes of heterozygous pho82 PHO4 diploids favor the latter model. To test these hypotheses at the molecular level, we adopted the following argument. If the products of each of these genes are not synthesized constitutively, as implied by a transcriptional cascade model, we would expect to inhibit their production and therefore their function in APase regulation by the addition of protein synthesis inhibitors before derepression or repression.
The effect of cycloheximide on the appearance and disappearance of APase mRNAs during derepression and repression was therefore determined. Whereas protein synthesis was immediately inhibited by cycloheximide, no inhibition of either repression or derepression of translatable APase mRNAs was observed. These results provide the first biochemical support for a model of regulation via posttranslational interaction of regulatory factors.
Feedback and autoregulatory controls fine-tuning this regulation were, however, shown to be completely inhibited by the addition of cycloheximide, indicating at least one point at which translationally mediated controls modulate cellular levels of APase and presumably other enzymes involved in phophorus metabolism. Previous experiments showed a correlation between this regulation and the size of the polyphosphate pool (6) . The data presented here do not enable us to determine whether the mechanism of this regulation is dependent on the enzyme activity of the APase protein or on its physical interaction with some regulatory factor before its transport from the cell.
Finally, we argued, if any component of the regulatory mechanism were inducible, as proposed for PHO4 (28) 
